Macroscopic deposition of epicardial adipose tissue (EAT) has been strongly associated with numerous indices of obesity and cardiovascular disease risk. In contrast, the morphology of EAT adipocytes has rarely been investigated. We aimed to determine whether obesity-driven adipocyte hypertrophy, which is characteristic of other visceral fat depots, is found within EAT adipocytes. EAT samples were collected from cardiac surgery patients (n = 49), stained with haematoxylin & eosin, and analysed for mean adipocyte size and non-adipocyte area. EAT thickness was measured using echocardiography. A significant positive relationship was found between EAT thickness and body mass index (BMI). When stratified into standardized BMI categories, EAT thickness was 58.7% greater (p = 0.003) in patients from the obese (7.3 ± 1.8 mm) compared to normal (4.6 ± 0.9 mm) category. BMI as a continuous variable significantly correlated with EAT thickness (r = 0.56, p < 0.0001). Conversely, no correlation was observed between adipocyte size and either BMI or EAT thickness. No difference in the nonadipocyte area was found between BMI groups. Our results suggest that the increased macroscopic EAT deposition associated with obesity is not caused by adipocyte hypertrophy. Rather, alternative remodelling via adipocyte proliferation might be responsible for the observed EAT expansion.
Introduction
Epicardial adipose tissue (EAT) deposition has emerged as a novel clinical marker for systemic metabolic dysfunction and cardiovascular disease. When measured as either thickness or volume, macroscopic EAT deposition has been found to be strongly associated with measures of obesity and insulin resistance [1] [2] [3] , as well as coronary artery disease [4] [5] [6] and atrial fibrillation [7] . With regard to cardiovascular disease, EAT deposition often associates with greater strength than traditional anthropometric and biochemical risk factors, and might eventually serve as a predictive variable for adverse post-operative outcomes [6, 7] . Despite the growing clinical interest and utilization of macroscopic EAT dimensions for risk stratification, study of how microscopic EAT morphology relates to macroscopic deposition in obesity has rarely been performed.
Adipose expansion in obesity occurs by two main morphological alterations to the constituent adipocytes: an increase in cell size (hypertrophy) and an increase in cell number (hyperplasia) [8] . The relative contributions of trophic and plastic remodelling vary between different subcutaneous (SAT) and visceral adipose tissue (VAT) depots; however, hypertrophic growth seems to be the predominant mechanism in obesity [8] . Consistently, an increase in the volume of various SAT depots, including at abdominal, femoral, and gluteal sites has been found to not only correlate with indices of obesity, like body mass index (BMI) and body fat percentage but also with the size of the adipocytes comprising each depot [9] [10] [11] [12] [13] [14] [15] [16] . Similar associations have been reported between adipocyte size, adipose volume, and BMI in omental, retroperitoneal, and intraperitoneal VATs [9, 10, 13] . No such investigations of EAT morphology have been undertaken.
Non-invasive imaging using two-dimensional EAT thickness and three-dimensional EAT volume has established a firm positive correlation between EAT deposition and BMI [1] [2] [3] . Furthermore, macroscopic quantification of EAT measured from post-mortem hearts has revealed a similar step-wise increase in overall EAT volume or thickness with increased myocardial mass [17] . In contrast, EAT adipocyte morphology has a less defined relationship with BMI. Although early work seemed to suggest that mean EAT adipocyte size increased slightly with BMI in lean, overweight, and obese post-mortem cases [18] , recent intra-individual post-mortem analyses from our group found that unlike adipocytes from other SAT and VAT depots, EAT adipocyte size does not correlate with BMI [19] .
Unfortunately, quantification of EAT deposition was not accessible for our previous study [19] . Therefore, for the current study, we utilized echocardiographic EAT thickness measured in cardiac surgery patients and assessed the relationship between the EAT thickness and the size of the adipocytes comprising the fat tissue. By doing so, we aimed to clarify whether hypertrophy is the dominant form of adipocyte remodelling in the well-established EAT expansion in obesity [1] [2] [3] . Interestingly, we have found that EAT thickness increases linearly with BMI, but this is not concurrent with hypertrophy of the paired EAT adipocytes. Additionally, the frequency distribution of adipocyte sizes revealed an increase in the proportion of smaller adipocytes within the EAT from obese patients relative to normal and overweight patients. This suggests that hyperplastic rather than hypertrophic remodelling of EAT adipocytes underlies macroscopic EAT expansion in obesity.
Methods

Patients
Patients undergoing cardiac surgery (n = 49) at Dunedin Hospital, New Zealand, provided informed consent for the collection of a sample of their EAT and their clinical data to be used for this study. All use was approved by the local Human Ethics Committee (Approval number: LRS12-01-001) and conformed to the principles outlined in the Declaration of Helsinki. The surgeries included lone coronary artery bypass grafting surgery (CABG) (n = 27) and aortic (n = 7) or mitral (n = 4) valve replacement or a combination (n = 11). In addition to the patient age and sex, other relevant anthropometric, biochemical, and haemodynamic preoperative patient information was made available for this study and is presented in Table 1 . Patients were stratified into standardized BMI groups as follows: BMI < 25 kg/m 2 = normal, ≥25 and <30 kg/m 2 = overweight, ≥30 kg/m 2 = obese [20] .
Echocardiography
All patients had a comprehensive echocardiogram obtained preoperatively using commercially available machines (Vivid E9 or E95, GE Healthcare, IL, USA). Images were recorded according to the recommendations of the American Society of Echocardiography [21] . EAT thickness was assessed in the parasternal long axis view using a standardized method based on that of Iacobellis and Willens [22] . Intra-observer and inter-observer variability were calculated from 21 randomly selected subjects with excellent agreement; inter-observer and intra-observer interclass correlation coefficients were both over 95%.
EAT procurement and processing
During surgery, an EAT biopsy was obtained from the right atrioventricular groove. The EAT was collected in standard chilled Krebs Henseleit Buffer containing (in mM) 118.5 NaCl, 4.5 KCl, 1.0 MgCl 2 6H2O, 0.33 NaH 2 PO 4 , 25 NaHCO 3 , 11 glucose, and 0.5 CaCl 2 that was previous bubbled with carbogen (95% O 2 + 5% CO 2 ). At the laboratory, the biopsy was fixed with formalin. The fixed tissue was then dehydrated, embedded in paraffin, and sectioned at 5 µm using a microtome. Each section was then stained with haematoxylin & eosin. Briefly, this involved deparaffinisation of each section using sequential xylene solution immersions (2 min per immersion). Rehydration of the sections was then achieved through sequential immersions in ethanol of decreasing concentrations (100%, 100%, 95% for 2 min each followed by 70% for 1 min). Following a 1-min wash in deionized water, the sections were immersed in Gillis haematoxylin for 4 min, water again for 2 min, Scott's solution for 2 min, and finally for 30 s in eosin stain before a 1-min water rinse. Finalization of the stain was achieved by serial 100% ethanol immersions (30-s each) followed by serial xylene immersions (2 min each). 
Measurement of adipocyte size
The fixed and stained EAT sections were scanned at 20x magnification using an Aperio Digital Slide Scanning System (Leica Biosystems Pathology Imaging, Germany) to generate a digital image of the section. Measurement of adipocyte size was performed using Aperio ImageScope software (Leica Biosystems Pathology Imaging, Germany). Briefly, using the Positive Pen Tool of the software, the border of every intact adipocyte contained within the field of view of each EAT image was traced.
Then, based on the image resolution generated at section scanning, the area contained within each traced adipocyte was calculated. Adipocytes with a disrupted membrane border were not traced for analysis, nor were those with incomplete borders at the image frame. One section was imaged from each patient.
Measurement of non-adipocyte area
In the same sections used for EAT adipocyte size analysis, the relative non-adipocyte area, which comprises the stromal vascular fraction, was determined using ImageJ software (National Institutes of Health, Bethesda, MD, USA). Tagged imaged files imported into ImageJ using the Bio-Formats importer (Open Microscopy Environment, Dundee, UK) were analysed by determining the area and relative colour threshold of adipocytes within the field of view. Once determined, image area classified within the adipocyte colour threshold was deleted to render a measurable black background. The relative black (adipose) and nonblack (non-adipose) areas were then quantified.
Data analysis
Analysis of EAT thickness and EAT adipocyte size was performed by a researcher blinded to the BMI of the patient and the corresponding EAT thickness/adipocyte size related to each patient. Data, including patient characteristics, are presented as mean values ± standard deviation (SD) or standard error (SEM) as appropriate. Differences in BMI-stratified data were assessed to be statistically significant by Fisher's exact test or one-way ANOVA with post hoc Tukey's multiple comparisons test as appropriate. The relationships between two continuous variables were determined using simple univariate Pearson correlation with fitted with linear regression. Additional adjustment for age, sex, and HbA1c was performed using multiple linear regression analyses. Adipocyte size frequency distribution curves were fitted based on the size of every adipocyte measured in each section. Differences for all data were deemed significant if p < 0.05. Data were analysed using GraphPad Prism 8 software (GraphPad Software Inc., La Jolla, CA, USA).
Results
Patient characteristics
In total, EAT was obtained from 49 patients undergoing cardiac surgery. When stratified into standardized BMI categories, 8 patients were defined as normal (average BMI = 23.3 ± 2.1 kg/m 2 ), 28 as overweight (27.7 ± 1.5 kg/m 2 ), and 13 as obese (33.2 ± 1.6 kg/m 2 ). Table 1 presents the average anthropometric, biochemical, and basic haemodynamic indices recorded from each patient within each BMI category. No differences in any patient characteristic was found between BMI groups. Additionally, no difference in mean adipocyte size was found between patients undergoing lone CABG surgery when compared to those undergoing lone aortic or mitral valves replacement surgeries (data not shown), as previously reported [23, 24] .
EAT thickness and BMI relationship
EAT thickness was measured using two-dimensional echocardiography in the parasternal long-axis view. The mean EAT thickness from the patient cohort was 6.1 ± 1.9 mm. When stratified, the mean thickness from patients within the normal BMI group was 4.6 ± 0.9 mm, whereas the EAT thickness of the overweight patients showed a non-significant increase of 30.4% (6.0 ± 1.7 mm, p = 0.122). The EAT of the obese patients was significantly thicker (7.3 ± 1.8 mm, p = 0.003) than normal BMI patients ( Table 1 , Figure 1 (a)). A trend towards an increased EAT thickness in obese compared to overweight patients was found (p = 0.064).
To circumvent the limitations incurred by BMI categorization, including discrepancy in sample sizes, we performed correlation analyses to utilize BMI as a continuous variable (Figure 1(b) ). When correlated using univariate linear regression, a significant and robust positive association was found between EAT thickness and BMI (r = 0.56, p < 0.0001), even with adjustment for age, sex, and HbA1c (β = 0.29 ± 0.06 (SE), 95% confidence interval [CI]: 0.16 to 0.43, R 2 (adjusted) = 0.27, p < 0.0001).
EAT adipocyte size and BMI relationship
We have recently reported that the size of adipocytes comprising the EAT of 43 post-mortem cases have no association with BMI, neither when stratified into BMI categories nor when analysed using Pearson correlation [19] . We aimed to corroborate these results in patients undergoing cardiac surgery in the current study. Representative images taken from the EAT sections used for adipocyte analysis are shown in Figure 2 . Quantification of the average adipocyte area, without adjustment for BMI, was 2991 ± 777 µm [2] . With BMI categorization, no difference was found in average adipocyte size between the normal (2828 ± 693 µm 2 ), overweight (2987 ± 734 µm 2 ), and obese (3080 ± 881 µm 2 ) groups (Table 1, Figure 2(a) ). Furthermore, no correlation was found between EAT adipocyte size and BMI using univariate correlation analysis (r = 0.11, p = 0.5) (Figure 2 (b)), or after adjustment for age, sex, and HbA1c (β = 37.12 ± 30.61, 95% CI: −0.24 to 98.80, R 2 (adjusted) = 0.09, p = 0.2).
EAT thickness and EAT adipocyte relationship
Macroscopic adipose deposition has been correlated with the constituent adipocyte size in many previous studies [9] [10] [11] [12] [13] . This includes SAT and VAT depots. To determine whether an analogous relationship exists with EAT thickness and EAT adipocyte size, we performed simple correlation analysis and found no correlation between the two parameters (r = −0.07, p = 0.6) (Figure 2(c) ).
Non-adipocyte area
To determine whether the 58.7% thicker EAT in obese patients compared to normal patients might relate to an increase in non-adipocyte area (stromal vascular fraction and/or fibrosis), we also determined the relative non-adipocyte area within each section. The nonadipocyte area was remarkably similar between the three groups (normal: 34 ± 4.9%, overweight: 34.1 ± 5.3%, obese: 30.0 ± 3.8%, p = 0.6) (Figure 3(a) ).
Adipocyte size frequency distribution
By analysing the frequency distribution of EAT adipocyte size from each BMI group, we were able to provide a rough indication of whether an increase in adipocyte number (hyperplasia) could account for the increase in EAT thickness in obese patients. As shown in Figure 3 (b), our analysis indicates a leftward and upward shift in the curve derived from the frequency distribution of EAT adipocytes from obese patients relative to the curves from both normal and overweight patients. This suggests that EAT from obese patients is comprised of a relatively greater proportion of smaller adipocytes.
Discussion
Based on studies of other SAT and VAT depots, which show a positive correlation in adipocyte size with adipose deposition [9] [10] [11] [12] [13] , we hypothesized that an analogous relationship would exist within EAT. Interestingly, our data do not support our hypothesis, as no correlation could be found between EAT thickness and EAT adipocyte size. Moreover, we found that despite EAT thickness positively correlating with an increase in BMI, no such relationship exists for EAT adipocyte size. Increases in stromal vascular fractional or fibrotic deposits do not seem to account for the increased EAT thickness in obese individuals, whereas adipocyte size frequency distribution analysis suggests an increase in the number of adipocytes. Our main finding is therefore that the increased thickness of EAT in obesity is not associated with adipocyte hypertrophy, while our exploratory findings suggest that hyperplasia might instead underlie the expansion of EAT.
Adipose tissue and adipocyte size relationship
Total body fat deposition has been independently, and robustly, correlated with BMI and increased adipocyte size for SAT and VAT [13, 16, 25, 26] . When measured specifically using computed tomography, dual-energy X-ray absorptiometry, or magnetic resonance imaging, the macroscopic deposition of numerous SAT and VAT depots have been shown to increase predictably with increased BMI [14] [15] [16] . The relationship between BMI and SAT mass, whether measured as anterior or posterior abdominal fat, has been reported with strong correlation coefficients ranging from 0.65 to 0.89 [14] [15] [16] . Similarly, intra-abdominal, intraperitoneal, and retroperitoneal VAT mass has been correlated with BMI with lesser coefficients between 0.32 and 0.58 [14] [15] [16] . Meta-analysis of non-invasively imaged EAT deposition has found a significant BMI association with average correlation coefficients of 0.47 and 0.43 for echocardiography and computed tomography studies, respectively [1] . For the current study, we found that average EAT thickness measured by echocardiography is significantly greater in obese patients relative to patients with normal BMI (Figure 1(a) ), with thickness measures analogous to those reported previously for cohorts with similar BMI [27] . Moreover, with univariate correlation, we found a robust correlation between EAT thickness and BMI (r = 0.56) (Figure 1(b) ), which agrees with data recently meta-analysed [1] . Therefore, our data reinforce the finding that EAT thickness positively, and reproducibly, correlates with BMI. We aimed to determine the microscopic adipocyte remodelling associated with this increased macroscopic EAT thickness. The sizes of adipocytes from various SAT and VAT depots have consistently been shown to positively correlate with BMI [13, 28] . Moreover, this adipocyte hypertrophy has been comprehensively correlated with an increased deposition of the adipose depot that the cells comprise [11] [12] [13] . Cross-sectional studies found strong correlations between abdominal and femoral SAT adipocyte sizes and the area of the same SAT sites have found (coefficients typically 0.60 to 0.76) [11] [12] [13] . Analogous cross-sectional associations have also been reported for omental VAT adipocyte size and VAT area [10, 13] , while longitudinal analysis of regional adipose deposition and adipocyte size has revealed that overfeeding (with resultant~4 kg weight gain) induces abdominal SAT adipocyte size hypertrophy that is proportional with increased abdominal SAT area (r = 0.74) [11] . These findings thereby suggest that the increased deposition of an adipose tissue associated with increased BMI is predominantly dependent on hypertrophy of the adipocytes comprising the tissue.
The results of our study contrast with findings from other adipose depots. Our data suggest that not only does EAT adipocyte size not change with BMI, but that EAT adipocyte size does not change in parallel with increased EAT deposition (Figure 2(c) ). Recent work from our group, and earlier work from other labs, has found that EAT adipocyte size does not correlate with BMI in post-mortem cases or cardiac surgery patients [19, 29] . Thus, our current study suggests that increased EAT thickness that is associated with increased BMI does not occur by hypertrophy of the constituent adipocytes, as has been reported as the predominant mechanism of expansion in other fat depots.
If not adipocyte hypertrophy, what are the alternative explanations?
If adipocyte hypertrophy cannot explain the 58.7% increase in macroscopic EAT thickness that occurs from normal to obese patients (Figure 1(a) ), then alternative remodelling mechanism(s) must occur. Adipose tissue also contains extensive stromal vascular components (non-adipocyte cells). As a longitudinal study, Alligier et al. (2012) found that subjects fed a diet supplemented with excess fat not only had an increased mean body weight after 56 days (~2.5 kg gain) but significant fibrotic and microvascular remodelling of the microscopic adipose structure had occurred [30] . Expression of profibrotic, pro-angiogenic, and pro-inflammatory genes was significantly increased relative to the beginning of the study, as was the histological density of capillaries and intercellular matrix deposits [30] . Moreover, mRNA expression and histological examination of SAT and omental fat (VAT) has shown that obese subjects have increased pro-fibrotic gene expression and increased pericellular fibrosis compared to lean subjects [31] . Investigation of stromal vascular remodelling within EAT has only been performed in relation to AF. Extracellular fibrosis of EAT has been found in the fatty infiltrate of atrial tissue from AF patients and sheep models of AF [32] . Additionally, fibrosis of perimyocardial EAT has been found to increase in severity concurrently with the extent of atrial fibrosis and the degree of AF [33] . In our study,the non-adipocyte area was not different between the three stratified BMI groups (Figure 3(a) ). Although our method only provides a rough indication, the observed range of non-adipocyte area between normal and obese individuals makes it unlikely that the observed 58.7% increase in EAT thickness in obese individuals is due to an increase in stromal vascular or fibrotic deposition.
Finally, as mentioned earlier, adipose tissue also expands by adipocyte hyperplasia [8] . Recent prospective studies using adipocyte deuterium incorporation over an 8-week period have found independent correlations of new-adipocyte formation with body fat percentage and BMI [34, 35] . Similarly, cross-sectional analyses of SAT and VAT depots have found that the proportion of small adipocytes correlates with BMI in women [9] . Extrapolation of such findings to EAT, which suggest that hyperplastic expansion can occur with increased BMI, requires caution due to depotspecificity and female-exclusivity of the results. Our cross-sectional study did not find a change in average adipocyte size when stratified into BMI categories (Figure 2(a) ) or with BMI as a continuous variable (Figure 2(b) ). When stratified into BMI categories and plotted as frequency distributions of size, the curve fitted from the adipocytes of the obese group showed a leftward and upward shift relative to the normal overweight curves (Figure 3(b) ). Although only exploratory, these data might indicate that an increase in the proportion of smaller adipocytes (i.e. hyperplastic remodelling) underlies the increased EAT thickness in obesity. As adipocyte proliferation has been correlated with multiple indices of metabolic dysfunction in other depots [36, 37] , this warrants further research.
Epicardial adipocytes have an intrinsically high capacity for lipogenesis and lipolysis, as well as a uniquely increased expression of genes associated with pro-and anti-inflammatory cytokines and brown fat-like thermogenesis [38] [39] [40] . These features confer EAT the ability to buffer excessive fatty acid levels from the coronary circulation, signal to the myocardium via paracrine and vasocrine adipokine release, and regulate myocardial temperature [39, 41] . Previous studies have correlated epicardial adipocyte size with inflammatory cytokine release and insulin resistance [23, 29] . Similarly, the EAT transcriptome has been found to be altered in patients with coronary artery disease, resulting in differential expression of inflammatory and apoptotic genes, which might alter the size of epicardial adipocytes [42, 43] . Clearly, EAT adipocyte size is associated with changes in the cellular biochemistry; however, how this relates to the potential hyperplastic remodelling in obesity reported in the current study requires direct investigation. Furthermore, this would provide insight into the mechanistic role of EAT in complications associated with obesity and the numerous cardiovascular diseases with which EAT deposition has been linked to.
Limitations
Our study was limited by the anatomical distinction between the site of echocardiographic EAT measurement and the site of intra-surgical EAT biopsy. As is standard within the field [22] , EAT was measured at the right ventricular free wall, due to the absolute thickness of the fat at this location. The EAT biopsy, in contrast, was taken at the atrioventricular groove. Despite this discrepancy, previous post-mortem analysis of EAT adipocytes from 10 distinct sampling sites, including from the right ventricular free wall and the atrioventricular groove, found no differences in regional adipocyte size. However, in a small subset of postmortem cases, the authors reported that adipocyte size can vary intra-individually between sampling sites [18] . Based on this, together with our study design, we cannot rule out the possibility that EAT adipocyte size is not homogenous between the site of EAT thickness measurement and the site of biopsy. A further limitation of our study was that we could not correlate EAT adipocyte size with measures of visceral obesity like waist circumference and VAT volume. Both measures, which associate with EAT thickness with greater strength than BMI [1] , were not measured as part of routine pre-operative patient evaluation. Despite having a weaker association, the correlation of BMI with EAT thickness is still significant based on meta-analysis [1] . Finally, only~8% of the patients recruited for our study were female, thereby yielding a predominant male study population. While this limits the translatability of our results to the general population, it minimizes potentially confounding effects of sex on the results [44] .
To the best of our knowledge, this is the first study to directly compare the macroscopic deposition of epicardial fat with the size of constituent fat cells. We have found that despite a strong positive correlation of EAT thickness with BMI in cardiac surgery patients, epicardial adipocyte size does not increase concurrently. This suggests that, unlike other subcutaneous and visceral adipose depots, adipocyte hypertrophy is not the predominant form of cellular remodelling that causes EAT expansion in obesity. Instead, our exploratory analysis suggests that hyperplasia might be the predominant EAT remodelling mechanism. How this differential site-specific remodelling influences the physiology and the metabolic and transcriptomic properties of EAT will be basis of future research as it might provide insight into why excessive macroscopic EAT deposition is detrimental to cardio-metabolic health.
